In animals, protease inhibitors of the serpin family are associated with many physiological processes, including blood coagulation and innate immunity. Serpins feature a reactive center loop (RCL), which displays a protease target sequence as a bait. RCL cleavage results in an irreversible, covalent serpin-protease complex. AtSerpin1 is an Arabidopsis protease inhibitor that is expressed ubiquitously throughout the plant. The x-ray crystal structure of recombinant AtSerpin1 in its native stressed conformation was determined at 2.2 Å . The electrostatic surface potential below the RCL was found to be highly positive, whereas the breach region critical for RCL insertion is an unusually open structure. AtSerpin1 accumulates in plants as a fulllength and a cleaved form. Fractionation of seedling extracts by nonreducing SDS-PAGE revealed the presence of an additional slower migrating complex that was absent when leaves were treated with the specific cysteine protease inhibitor L-trans-epoxysuccinyl-L-leucylamido (4-guanidino)butane. Significantly, RESPONSIVE TO DESICCATION-21 (RD21) was the major protease labeled with the L-trans-epoxysuccinyl-L-leucylamido (4-guanidino)butane derivative DCG-04 in wild type extracts but not in extracts of mutant plants constitutively overexpressing AtSerpin1, indicating competition. Fractionation by nonreducing SDS-PAGE followed by immunoblotting with RD21-specific antibody revealed that the protease accumulated both as a free enzyme and in a complex with AtSerpin1. Importantly, both RD21 and AtSerpin1 knock-out mutants lacked the serpin-protease complex. The results establish that the major Arabidopsis plant serpin interacts with RD21. This is the first report of the structure and in vivo interaction of a plant serpin with its target protease.
Protease cascades are prominent mediators of rapid physiological responses in animals, playing a role in cellular immunity, blood clotting, and development. The proteolytic specificity of the serine and cysteine proteases involved dictates the fidelity of these reactions. The serpins are an important group of proteins that curb the activity of these cascades through specific irreversible inhibition of the proteases. For example, in Drosophila, the necrotic (nec) gene encodes a protease inhibitor of the serpin family. Necrotic protein controls a proteolytic cascade that activates the innate immune response to fungal and Gram-positive bacterial infections (1) . In nec null mutants, Toll-mediated immune responses are constitutively activated, even in the absence of infection, implying that Nec continually restrains this immune response. As opposed to other types of protease inhibitors, serpins offer both an irreversible and tunable type of inhibition (reviewed in Ref. 2) . In their native conformation, serpins are in a stressed (spring-loaded) state with a solvent-exposed reactive center loop (RCL). 3 Specific residues of the RCL are precisely accommodated by the target protease active site. Upon cleavage of the serpin peptide bond linking the P1 and P1Ј residues (3), an ester bond forms between the protease active site serine (or cysteine) and the carbonyl carbon of the P1 residue. This is followed by a dramatic and irreversible conformational change in the residual part of the loop; the cleaved RCL snaps as an extra strand into ␤-sheet A between the breach formed by strands s5A and s3A, dragging with it the covalently linked protease. The resulting compression destabilizes the protease, which cannot then affect hydrolysis or detachment, to form a stable, covalent complex (4, 5) . Evolution has taken advantage of the high specificity of these suicide-substrate inhibitors, allowing serpins to become the predominant protease inhibitors in animal signaling pathways. In humans, serpins belong to a large multigene family in which loss-or gain-of-function mutations lead to compromised innate immune responses, dementia, thrombosis, and other diseases (6 -8) .
Plant serpins are potent inhibitors of a range of mammalian serine proteases in vitro, and at least seven serpin genes are expressed in Arabidopsis (reviewed in Ref. 9) . Serpins from cereal grains are irreversible inhibitors of serine proteases with distinct inhibitory specificity (10, 11) . The majority of inhibitory serpins from wheat and rye grain contain motifs within the RCL that resemble the glutamine-rich repeats of grain storage proteins, suggesting a function in the protection of storage protein degradation by exogenous proteases (12, 13) . In addition, the differential expression of serpins in barley grain suggested a function in seed survival within the herbivore digestive tract (14) . Similarly, Cucurbita maxima phloem serpin-1 (CmPS-1) was shown to have anti-elastase-like specificity. A related serpin from Cucurbita sativa, CsPS-1, was localized exclusively to sieve elements (15) , where it is thought to play a role in defense against herbivores (16) . Interestingly, a correlation was found between a developmentally regulated increase in the amount of CmPS-1 and the reduced ability of the aphid, Myzus persicae, to survive. However, in that case, experiments with purified phloem CmPS-1 added to the aphid diet failed to demonstrate a direct effect on survival (17) . Recently, an Arabidopsis serpin, AtSerpin1 (At1g47710), was reported to interact in vitro with the endogenous plant cysteine protease metacaspase 9 (AtMC9) (18) . Evidence has also been found for participation of two other Arabidopsis serpins, AtSRP2 (At2g14540) and AtSRP3 (At1g64030), in growth responses to plant exposure to the DNA-alkylating agent methyl methanesulfonate (19) .
Serpins in animals are mostly associated with inhibition of serine proteases of the chymotrypsin family (clan PA, family S1; MEROPS). In plants, the proteases of this family are absent (12) , but several other families of distinct protease clans (including caspase-like, papain-like, and subtilisin-like proteases) have been shown to play a role in general plant defense responses (20, 21) . Cysteine proteases have been shown to be associated with general stress effects and the hypersensitive response (20, 22, 23) . Senescence stress induces the expression of the cysteine vacuolar proteases, vacuolar processing enzyme-␥ (VPE␥) and RD21 (24) , and the processing of RD21 into the mature active form (25) . The application of cysteine-specific proteolytic inhibitors (26) or overexpression of the natural cysteine protease inhibitor cystatin (27, 28) delays stress-induced cell death. Similarly, plant metacaspases can activate apoptosis-like cell death in yeast (29) , play a role in self-incompatibility-induced programmed cell death in pollen (30) and participate in cell death triggered by UVC and H 2 O 2 in protoplasts (31) . Caspasespecific peptide inhibitors abolished pathogen promotion of programmed cell death in plant cells (32) (33) (34) . Although plant protease activity plays an important role in defense and developmental processes, less is known of its control, and it is unknown whether serpins can interact in planta with any of these potential candidates.
Subtle differences in otherwise conserved protein structures give different serpins special properties, such as modulation of their inhibitory activity by binding to other proteins, nucleic acids, and small molecules (35) . Phylogenetic analysis of all known serpins (36, 37) and of plant serpins alone (9) has shown that plant serpins tend to cluster in a species-specific manner; hence, comparative phylogeny is of limited use for surmising their functionality. There are no plant serpin structures to compare with the large number available from animals and prokaryotes to allow identification of any special features of the Clade P (plant) serpins. We wished to determine the structure of AtSerpin1, to compare it with known animal serpins that have the ability to inhibit serine and/or cysteine proteases, and to establish the protease target of AtSerpin1 by examining gainand loss-of-function serpin mutants of Arabidopsis.
Here, we present the x-ray crystal structure of AtSerpin1 in the native, metastable stressed state, revealing several novel and plant-specific features. We show that AtSerpin1 can form SDSstable complexes in a manner that is sensitive to the addition of the potent cysteine protease inhibitor, E-64. With the help of knock-out mutants, overexpression lines, and specific antibodies, we establish that the major AtSerpin1 target is the RESPONSIVE TO DESICCATION-21 cysteine protease RD21.
EXPERIMENTAL PROCEDURES
Determination of AtSerpin1 Structure-The full-length AtSerpin1 cDNA was obtained via The Arabidopsis Information Resource and was cloned into a pET100/D-TOPO expression vector (Invitrogen) whereby the protein was equipped with an N-terminal His 6 tag. The vector insert was sequenced to check for cloning errors. Constructs were transformed into Escherichia coli BL21(DE3) (Novagen). Purification of soluble recombinant His-tagged protein was performed through the sequential use of nickel-nitrilotriacetic acid affinity chromatography and desalting. Polypeptide identity was validated by SDS-PAGE (supplemental Fig. S1A ) and tryptic digestion combined with mass spectrometry (supplemental Fig. S1B ). Initial crystallization screens were performed with 480 conditions in a 96-well format with 400-nl drops using commercial Qiagen screens. In initial screening, crystals were observed after 48 h in over 15 conditions, predominantly with (NH 4 ) 2 SO 4 -and polyethylene glycol/ion-based buffers. Optimization screens were performed in 24-well format with 2-l drops. Robust 250-m cube crystals were obtained by vapor diffusion after 6 days using a well solution of 2 M ammonium sulfate plus 0.2 M sodium acetate. Crystals initially diffracted to 4 Å, which was improved to 2.8 Å on a rotating anode source by cryo-annealing the crystals (38) . The space group was P4 3 22 , and the dimensions of the unit cell were 54.20 ϫ 54.20 ϫ 299.34 Å.
Crystals were cryoprotected by the addition of glycerol (10 -15%), and diffraction data were collected at 100 K both in-house (2.8 Å resolution using a Nonius FR591 rotating anode x-ray generator with Mar345dtb image plate detector plus confocal mirrors) and at 2.2 Å resolution using the Advanced Photon Source 23-ID-B at the Argonne National Laboratory (see supplemental Table 1 ). Data reduction was carried out using the programs MOSFLM and SCALA from the CCP4 suite (39) . The structure was solved by molecular replacement using the program PHASER (40) with the structure of human plasminogen activator inhibitor-2 as a search model (Protein Data Bank accession code 1BY7 (41)). Model rebuilding was carried out using crystallographic object-oriented toolkit (COOT) (42) , and the structure was refined using the PHENIX suite of programs (43) . The crystals contained one AtSerpin1 molecule per asymmetric unit. Clear electron density was observed for all residues of AtSerpin1, including the RCL plus two residues from the N-terminal purification tag. Ordered solvent mole-cules included 259 water molecules, 2 acetate ions, and 1 glycerol from the cryoprotectant. The final R-factor was 0.173 with an R-free of 0.236 (see supplemental Table 1 ). The coordinates and structure factors have been deposited in the Protein Data Bank (accession code 3LE2).
Vector Construction, Plant Transformation, and Mutant Lines-AtSerpin1 expressed sequence tag clone (accession number R65473) was received from the Arabidopsis Biological Resource Center (Ohio State University). A hemagglutinin (HA) epitope-tagged transgene, AtSerpin1-HA, was constructed by combining the respective forward oligonucleotide 5Ј-TGCTCTAGAATGGACGTGCGTGAATCAATC-3Ј with the reverse oligonucleotide 5Ј-AGGCCCGGGATGCAACG-GATCAACAACTTG-3Ј. The clone was fused upstream to three repeats of the HA epitope (YPYDVPDYA) in pPZP111 (44) under the control of the 35S promoter from the cauliflower mosaic virus by XbaI-SmaI and used to transform Agrobacterium tumefaciens strain EHA105. An AtSerpin1 insertion line was identified in the SALK tDNA collections (45) as SALK_075994. The tDNA is inserted at the C-terminal region of the gene at nucleotide 1694 in the second exon. The AtSerpin1 full-length expressed sequence tag clone was cloned by SalI-HindIII digestion into the PQE-30 expression vector (Qiagen, Hilden, Germany) into a position that was downstream from the His tag and used to raise polyclonal antibodies in guinea pigs.
Plant Growth Conditions, Treatments, Immunoassay, and Protein Sequencing-Arabidopsis thaliana ecotype Col-0 plants were grown under white light in a 16-h light/8-h dark cycle at 21°C. Antibodies anti-HA.11 were obtained from Babco, Richmond, CA). Immunopurification of AtSerpin1 from total protein extract of AtSerpin1-HA leaves was carried out with covalently linked AtSerpin1 using the Seize X protein A immunoprecipitation kit (Pierce). The fractionated proteins were subjected to trypsin digestion for amino acid determination using liquid chromatography-nanospray tandem mass spectrometry. For E-64 inhibition analysis, overexpression AtSerpin1-HA plants were grown on solid agar medium that contained B5 Gamborg's nutrients in 0.8% (w/v) phytoagar (Invitrogen) in controlled environment chambers at 21°C under a 16-h light regime. Experiments were performed on 14-day-old seedlings, which were gently brush-spread with different concentrations (10, 50, and 100 g) of E-64 (E64c, Cayman Chemical, Ann Arbor, MI). After 30 min, whole plants were extracted with extraction buffer (20 mM Tris, pH 8.0, 1 mM EDTA, and 50 mM NaCl), followed by centrifugation (15 min, 17,000 ϫ g). Gel fractionation was carried out on 10% SDS-PAGE. For reducing gels, the Laemmli loading buffer contained 1% (v/v) ␤-mercaptoethanol as reducing agent, whereas the loading buffer for nonreducing gels did not contain any reducing agent. Fractionated proteins were transferred onto polyvinylidene fluoride membrane (Bio-Rad). The membrane was developed with AtSerpin1 antibodies (1:1,000) and secondary anti-guinea pig horseradish peroxidase (1:3,000).
Protease Profiling-Cysteine proteases were labeled with DCG-04 as described in Greenbaum et al. (51) . Proteins of 14-day-old seedlings were extracted by grinding the whole plants with a mortar and pestle and mixing with extraction buffer (20 mM Tris, pH 8.0, 1 mM EDTA and 50 mM NaCl), followed by centrifugation (15 min, 17,000 ϫ g). The extract (0.3 mg) was labeled in 0.125-ml total volume, containing 50 mM sodium acetate buffer, pH 6, 10 mM dithiothreitol, and 2 M DCG-04. Control samples contained 0.2 mM E-64. Labeling was done with gentle shaking for 3 h at room temperature. Biotinylated proteins were separated on reducing 10% SDS gels and detected with streptavidin-horseradish peroxidase (1:3,000, The Jackson Laboratories). The same membranes were reblotted with AtSerpin1 antibodies (1:1,000), secondary anti-guinea pig horseradish peroxidase (1:3,000), RD21 antibodies (1:1,000), and secondary anti-rabbit horseradish peroxidase (1:3,000).
In Vitro Binding-Plants of 14-day-old seedlings, AtSerpin1-ko and RD21-ko, were extracted in binding buffer (50 mM sodium acetate, pH 6.0, 1 mM EDTA) and incubated at room temperature for 30 min with 3 mM dithiothreitol and in the presence or absence of recombinant AtSerpin1. Samples were then analyzed by nonreducing SDS-PAGE and immunoblotting with anti-RD21 and AtSerpin1 antibodies.
RESULTS

X-ray Crystal Structure of AtSerpin1 Highlights Conserved and Plant-specific Structural Features-
The crystal structure of AtSerpin1 was determined to 2.2 Å resolution ( Fig. 1 and see supplemental Table 1 ). Clear electron density was observed for all residues in the serpin sequence, including the RCL. The serpin is in the native, stressed state. The RCL is stabilized by crystallographic packing and by a glycerol molecule from the cryoprotectant. Overall, the AtSerpin1 structure resembles those of canonical serpins comprising three conserved ␤-sheets (conventionally labeled sA, sB, and sC; colored yellow, cyan, and magenta, respectively; Fig. 1A ) and nine conserved ␣-helices (labeled hA through hI in sequence order, colored red). An additional helix is seen in the RCL, as well as three single-turn helices (one prior to s4C below the RCL, which is seen in other serpins, and two short helices at the base of the serpin following hI; see Fig. 1A ).
There are several features that distinguish the AtSerpin1 structure. The loop joining ␤-strands s2B and s3B is relatively long (Fig. 1A) , containing a plant-specific motif between Tyr-225 (the conserved breach tyrosine) and the hydrophobic core amino acid Phe-234 (see Pfam alignment (46)). An alignment of 67 expressed plant serpin sequences (9) shows that the motif YXXGXDXRXF is present in 54 of these sequences, with an additional eight sequences containing conservative variations of the motif. This motif is not seen in non-plant serpins, with other eukaryotic serpins usually containing three to four residues between the breach tyrosine and the core hydrophobic residue (as opposed to eight residues in plants). In the structure of AtSerpin1, the conserved Asp-230 and Arg-232 of this plantspecific motif form a network of hydrogen bonds that links the s2B-s3B junction to the loop connecting helix hD and ␤-strand s2A (Fig. 1, A and C) . These interactions stabilize this loop region, which is otherwise disordered in many other serpin structures.
Another distinguishing feature of AtSerpin1 is the presence of a ␤-bulge in strand s2C (Fig. 1, A and D) . The residues in this strand together with additional basic residues in strand s3C project positive charges toward the RCL (Fig. 1, B and D) . Because of the clustering of basic residues in ␤-sheet sC, the resultant electrostatic potential map for AtSerpin1 has a striking positively charged surface at the top of the serpin body surface (␤-sheet sC) and directly underneath the RCL (blue patch at the top of Fig. 1B ). This positive potential is largely due to Lys-209 and Lys-271, and the former is common to plant serpins (present in 44/67 expressed plant serpin sequences), and the latter is less common (lysine or arginine present in 14/67 expressed plant serpin sequences). Interestingly, in AtSerpin1, the RCL itself is also basic between P14 and P4Ј, but these residues are followed by four acidic residues from P5Ј to P8Ј (EEDE). This acidic region is unique to AtSerpin1 with the only similar plant serpin being that from Brassica napus, which has three acidic residues in this segment.
Breach Is Open in the Native (Stressed State) Structure of AtSerpin1-The breach defines a partial separation at the C-terminal end of ␤-strands s3A and s5A (Fig.  1A) and is thought to facilitate the entry of the cleaved RCL into the serpin body during the stressed-torelaxed (S3 R) state transition. The breach of AtSerpin1 is unusually open for a stressed state structure ( Fig. 1E ) with ordered water molecules bridging between the two ␤-strands (Fig. 1F) . Indeed, overlay of AtSerpin1 (magenta, Fig. 1E ) with ␣ 1 -antitrypsin (blue) accentuates the open nature of the AtSerpin1 breach. It appears to be more similar to the open breach structure of the contrapsin-like protease inhibitor 6, SerpinA3n, which was obtained in the presence of a partially inserted RCL (green, Fig. 1E ). The only other native, stressed state serpin that resembles AtSerpin1 is protein C inhibitor (cyan, Fig. 1E ) where the breach is almost as open as in AtSerpin1. Incidentally, the protein C inhibitor crystal structure has three copies of protein C inhibitor in the C, stereo illustrations of the loop region between ␤-strands s2B and s3B in the proximity of helix hD. Residues that make up the loop region Gly-228, Asp-230, and Arg-232 are indicated. Asp-230 and Arg-232 form a charged structure that stabilizes the loop between helix hD and ␤-strand s2A with a network of hydrogen bonds as illustrated. D, stereo illustrations of AtSerpin1 showing the charged residues at the top of ␤-sheet sC and the RCL region. Basic residues in this sheet are indicated as follows: Lys-207, Lys-208, Lys-209, Arg-273, and Lys-271. The reactive center cleavage site (P4 -P8Ј, 348 IKLRGLLMEEDE 359 ) is positioned above the ␤-sheet. It consists of hydrophobic and basic residues (Lys-349 and Arg-351) in its N terminus and acidic residues at its C terminus (Glu-356, Glu-357, Asp-358, and Glu-359). E, overlay of the breach region of selected serpins. The breach of stressed state serpins and a serpin with a partially inserted RCL is compared. AtSerpin1, magenta; ␣ 1 -antitrypsin, blue; protein C inhibitor, cyan; SerpinA3n with a partially inserted RCL structure, green. F, structure of the breach region of AtSerpin1. The breach between the backbone of s5A and s3A shows hydrogen bonding (magenta dashed lines) at the S10 site. The remainder of the breach is filled with ordered water molecules (red spheres), which are hydrogen bonded to the backbone.
asymmetric unit where, in one molecule, the RCL is partially inserted, although the other two (including chain A, shown here in cyan, Fig. 1E ) have open breach regions.
The open state of the breach region can be quantified by determining the position of the first backbone hydrogen bond between ␤-strands s3A and s5A. Following standard nomenclature (3), each position between ␤-strands s3A and s5A is labeled by the number of the RCL residue that would insert at the site were the RCL to be cleaved and inserted to form the relaxed state. For the structure of AtSerpin1, the first hydrogen bond between ␤-strands s3A and s5A occurs between the N of Leu-171 and the CϭO of Lys-328 (Fig. 1F) , which is the S10 site (the site where residue P10 would reside were AtSerpin1 to be cleaved). In contrast to this, comparison of all other stressed state serpin crystal structures with resolution better than 2.4 Å shows that in most structures the hydrogen bonding pattern between s3A and s5A commences at the S13 site, producing a closed breach. Notwithstanding its special features, the AtSerpin1 structure closely resembles serpins that display protease-specific inhibitory activity.
AtSerpin1 Is Differentially Expressed in Root, Leaf, Flower, and Silique Tissue-The expression of AtSerpin1 at the mRNA level was recently shown to be constant during seedling development and ubiquitous among mature tissues (19) . When the protein level was examined in wild type lines by immunodetection, at least two immunoreactive polypeptides of 43-and 37-kDa apparent size were detected by ␣-AtSerpin1 antibody in extracts fractionated on reducing SDS-PAGE. Relatively higher levels were detected in flowers and siliques compared with root, stem, and leaf tissue ( Fig. 2A) . In contrast, extracts of flower tissue from a line with a tDNA insertion in the C-terminal part of the gene (see under "Experimental Procedures") did not exhibit cross-reactive polypeptides (AtSerpin1-ko; Fig. 2C ). This result demonstrates the specificity of the antibody and confirms the tDNA insertion line as a serpin knock-out-type (ko) mutant. Cleavage by a cognate protease at the RCL of AtSerpin1 would yield an ϳ37-kDa polypeptide, as is detected. To examine AtSerpin1 maturation, the serpin polypeptide was fused at the C terminus to an HA tag under control of the 35S promoter, and overexpression lines were isolated. Transgenic plants expressed high constitutive levels of AtSerpin1-HA in leaves. The expected full-length size of the fusion protein is 45-kDa due to the addition of an HA tag at the C terminus. The processed 37-kDa polypeptides remains the same size as it lacks the C terminus (Fig. 2B) . The results are shown for AtSerpin1-HA line 12.11.8, and similar results were obtained in independent overexpression lines (data not shown).
Protein extracts of AtSerpin1-HA were immunoprecipitated with ␣-AtSerpin1 antibody, and the two polypeptides of 45 and 37 kDa were recovered (Fig. 2D , Coomassie gel and immunoblot). Mass spectrometry sequencing analysis of the 37-kDa polypeptide yielded 73% coverage of AtSerpin1, including the N-proximal tryptic peptides such as "ESISLQNQVSMNLAK," but no C-terminal peptides were recovered distal to the predicted RCL region (supplemental Fig. S2 ). The loss of the C-terminal region in the faster migrating polypeptide can also be deduced by the lack of immunodetection of the C-terminal HA tag in the cleaved 37-kDa polypeptide as shown in Fig. 2, E and  F (right panels, ␣-HA) . Thus, the presence of the lower molecular weight polypeptide is consistent with in vivo cleavage in the RCL region.
AtSerpin1 Is Targeted to the Secretory Pathway-AtSerpin1 was predicted by some algorithms to contain a secretory signal peptide (supplemental Fig. S2 ) and thus be targeted to the cell secretory system. In addition, previous work showed extracellular apoplastic accumulation of full-length and processed forms of AtSerpin1 (18) . As apoplastic isolation requires vacuum infiltration that can disrupt cell integrity, the possibility of secretion was reexamined by growing AtSerpin1-HA plants in aseptic liquid culture so that root exudate could be monitored. Immunoblots of extracts developed with ␣-AtSerpin1 antibody revealed 45-and 37-kDa polypeptides in roots and leaves but a 28-kDa polypeptide in the exudate (Fig. 2F, left panel) . When the same immunoblot was developed with anti-HA antibody only the 45-kDa polypeptide was observed (Fig. 2F, right panel) . Thus, the 45-kDa band corresponds to the full-length AtSerpin1-HA fusion polypeptide, and the 37-and 28-kDa band correspond to AtSerpin1-HA from which the HA tag (i.e. the C terminus) was cleaved. The presence of processed AtSerpin1 in the exudate implies that AtSerpin1 can be targeted to the secretory pathway.
AtSerpin1 Can Participate in a Quasi-stable Protein Complex, the Formation of Which Is Inhibited by the Specific Cysteine Protease
Inhibitor E-64-Some animal serpin-protease complexes migrate as high molecular weight complexes in SDS-PAGE independent of reducing conditions (47) (48) (49) . We examined whether AtSerpin1 could also form SDS-stable complexes in vivo. To this end, protein extracts from the AtSerpin1-HA line were fractionated by reducing and nonreducing SDS-PAGE. Interestingly, the immunoblot developed with ␣-AtSerpin1 antibody under reducing conditions revealed polypeptides of ϳ45 and 37 kDa (lane ϩ␤; Fig. 2E ). However, fractionation of the same extract under nonreducing conditions revealed an additional slower migrating polypeptide of 60-kDa apparent size (left lane, Ϫ␤; Fig. 2E, arrow) . When this immunoblot was developed with ␣-HA antibody, only the 45-kDa polypeptide was detected (right lane, Ϫ␤; Fig. 2E ). The results are consistent with C-terminal processing of the fulllength 45-kDa AtSerpin1 polypeptide to yield the 37-kDa product under reducing conditions. The slower migrating polypeptide detected under nonreducing conditions can represent a reductant-sensitive SDS-stable serpin-protease complex. The sensitivity of the complex to a reducing agent may indicate that the protease active site contains a redox-sensitive active cysteine, i.e. it is a cysteine-type protease, or that the serpin itself is redox-sensitive. To differentiate between these possibilities, we employed derivatives of inhibitor E-64, an irreversible broad spectrum inhibitor specific for cysteine proteases of the papain family (50) . Different concentrations of E-64c, a synthetic analog of E-64, were applied to leaves of AtSerpin1-HA plants and extracts processed by a nonreducing SDS-PAGE. As shown in Fig. 3A , application of E-64c interfered chiefly with the formation of the putative AtSerpin1-protease complex (Fig. 3A,  arrow) . The results are consistent with the role of a papain-type protease in AtSerpin1 complex formation. The addition of E-64 to plant extracts in vitro had a minor effect on the presence of the preformed complex in the AtSerpin1-HA extract (Fig. 3B) . Thus, the rapid disappearance of the complex in vivo when the formation of new complex was inhibited by E-64 indicates that the complex is subject to rapid turnover as generally occurs for serpin-protease complexes in animal systems.
DCG-04 Detects Cysteine Proteases That Are Protected in the Presence of AtSerpin1-HA-DCG-04
is a biotinylated derivative of E-64 and thus a mechanism-based probe that covalently targets cysteine proteases of the papain family (51) . As E-64 was shown to rapidly disrupt in vivo serpin complex formation, we wished to identify the putative protease candidates using the DCG-04 probe. In previous work, among the major cross-reacting proteases that were identified in extracts of Arabidopsis were XCP2 (xylem cysteine protease 2), Arabidopsis Aleurain-like protease, and RD21, with RD21 migrating at 40-and 30-kDa apparent values (52) . Under our conditions for labeling of 2-week-old Arabidopsis plants, the major cross-reactivity of streptavidin detected was at 40 and 30 kDa, apparent sizes comparable with the migration pattern of RD21 (Fig. 4, upper left  panel) . Interestingly, in extracts of AtSerpin1-HA plants, less streptavidin cross-reactivity was observed. All labeling was completely abrogated when carried out in the presence of E-64, showing its specificity (Fig. 4, upper right panel) . The differential labeling by streptavidin may be due to the excess of AtSerpin1 (Fig. 4, middle panel) or to the fact that in this line less cysteine protease accumulates. However, when extracts of all the lines were immunoblotted with ␣-RD21, the accumulation of this protease was found to be similar in all the lines and (as expected) identical to the migration pattern detected by streptavidin. The results show that the presence of excess AtSerpin1 effectively protects the protease from DCG-04 labeling and suggest that RD21 is the protease that is targeted by both DCG-04 and AtSerpin1.
Presence of RD21 Is Essential for Forming the AtSerpin1 Complex-To determine the contribution of RD21 to the formation of the AtSerpin1 complex, mutant lines deficient in RD21 expression were examined. The tDNA RD21 insertion mutant (rd21-1; SALK_090550) has been shown previously to lack RD21 activity (RD21-ko (53)). Although the full-length and processed forms of the AtSerpin1-HA transgene product were readily detected by both nonreducing and reducing SDS-PAGE in AtSerpin1-HA overexpression lines, they were not visible in wild type or (as expected) in AtSerpin1-ko lines (Fig. 5, A and  B) . Upon longer exposure, the immunoblot complex could be detected in wild type but not in similarly treated extracts of the RD21-ko line, although in both lines full-length and processed forms of endogenous AtSerpin1 were visible (Fig. 5C, upper  panel) . When the immunoblots were re-probed with ␣-RD21 antibody, the RD21 protease was found to co-migrate with the AtSerpin1-HA complex (Fig. 5A, lower panel) and was detected as co-migrating with the AtSerpin1 complex in wild type extracts but not RD21-ko extracts. The data show that the endogenous AtSerpin1 and the AtSerpin1-HA transgene products interact with RD21. Interestingly, the observation that the processed form of AtSerpin1 can be detected in the RD21-ko line indicates that a complex-independent pathway for AtSerpin1 processing exists that is likely mediated by other proteases.
In Vitro Generation of AtSerpin1 Complex-Generation of stable protease-serpin complex from the native stressed form of a serpin requires specific cleavage of the reactive center by its cognate protease. To examine if this interaction can be reconstructed in vitro, recombinant His-AtSerpin1 was added to extracts of AtSerpin1-ko and RD21-ko plants. As shown in Fig. 6A , RD21 was present in the fast migrating form in the AtSerpin1-ko extracts and was absent in RD21-ko extracts (as anticipated). However, upon addition of recombinant His-AtSerpin1 to AtSerpin1-ko, but not to RD21-ko extracts, RD21 migrated as a complex (Fig. 6A) . The amount of complex observed was sensitive to the amount of recombinant His-AtSerpin1 added. When recombinant His-AtSerpin1 was added to AtSerpin1-ko extracts and immunoblotted with ␣-AtSerpin1, the expected serpin-RD21 complex size was detected (arrow, Fig. 6B ) as well as slower migrating forms. When recombinant His-AtSerpin1 was added to RD21-ko extracts, the AtSerpin1-RD21 complex was not detected; however, both slower migrating forms remained. The slower migrating bands could represent AtSerpin1 dimers or in vitro interaction with noncognate proteases. The results demonstrate that RD21 can interact with AtSerpin1 in vitro to form stable migrating complexes.
DISCUSSION
AtSerpin1 Shows Commonalities and Differences with Known
Serpin Structures-The structure of AtSerpin1 is the first for a plant serpin and illustrates features that are specific for this protein and other features that likely characterize the majority of plant serpins. Plant serpin sequences are observed to contain a plant-specific insertion between s2B and s3B, including a motif specific to plant serpins. The conserved Asp-230 and Arg-232 residues in this motif form a hydrogen-bonded structure that stabilizes the loop between hD and s2A. This area is disordered in many serpin structures, and we postulate that in plant serpins this region will be stabilized. This stabilization may contribute to the fact that the breach (between s3A and s5A in ␤-sheet sA) in AtSerpin1 is unusually open when compared with non-plant stressed state serpin structures (Fig. 1, E  and F) . It is possible that the ordering of the loop between hD and s2A contributes to holding the breach in a more open conformation. Indeed, the open structure resembles other serpin structures where the RCL has partially inserted into ␤-sheet sA (5) .
An enlarged breach region has been shown to play important roles in serpin biology. For example, the spontaneously polymerizing Z-mutant of ␣ 1 -antitrypsin accumulates as polymers in hepatocytes causing juvenile hepatitis, cirrhosis, and hepatocellular carcinoma (54) . Z-␣ 1 -antitrypsin differs from the wild type inhibitor by a single substitution E342K in the breach region. The mutation disrupts a salt bridge and induces molecular perturbations that may facilitate opening of ␤-sheet A, resulting in a structure that is prone to polymerize (54) . An open breach is in contrast to that seen in Maspin (SERPINB5) where the bonding pattern of the region between s3A and s5A is essentially complete, consistent with the complete absence of a loop insertion process in that serpin (55) . Notwithstanding the more open breach, higher order AtSerpin1 structures were not observed in nondenaturing gel fractionation of plant extracts.
The charge distribution at the "top" of AtSerpin1 (␤-sheet sC) is unusual (Fig. 1, B and D) . The molecule also features a unique distribution of charges in its RCL, which differs from those of other Arabidopsis serpins. In addition, the surface of sC is highly positively charged lying beneath the RCL, which is also positively charged between P14 and P4Ј. It is possible that the natural target protease includes in its active site residues that accommodate the serpin-positive charge. Surface electrostatic interactions have been found to play a role in substrate binding of polyanions, for example, in the activation of the serpin heparin cofactor II by heparin (reviewed in Ref. 56) . The presence of special charge features in the AtSerpin1 RCL and the more open breach are consistent with those regions tending to show the most conformational plasticity when examining the complete spectrum of serpin structures (2) . Our evidence shows that AtSerpin1 is present in the secretory pathway, and a potential glycosylation site is present near the C terminus of AtSerpin1 (Asn-375). Potential glycosylation sites have been found in other plant serpins (12) . However, this site in AtSerpin1 is not conserved in plant serpins, with the majority having either aspartic acid or glutamic acid in place of the asparagine (60/67 expressed plant serpin sequences). The site is situated on the surface of the protein in the loop between strands s4B and s5B, and if glycosylated it would likely not influence overall serpin structure.
AtSerpin1 Interaction with RD21-AtSerpin1 is shown here to interact with the cysteine protease RD21. The formation of complex is dependent in the presence of both the specific serpin and on RD21 as the complex is not detected in knock-out mutants. The amount of complex is enhanced in the presence of AtSerpin1 overexpression. However, the overexpression itself does not seem to otherwise change the total amount of detectable protease but rather its distribution between the free and complex-bound forms. AtSerpin1 is predicted to belong to a subgroup of plant serpins that contain a secretory motif in the N terminus (supplemental Fig. S2 ). Indeed, AtSerpin1 is found secreted in root exudates as a processed 28-kDa form (Fig. 2F) . The origin of this form is unknown, although N-terminal processing of other serpins like ␣-antitrypsin by human mesotrypsin has been reported previously (57) . AtSerpin1 was detected immunologically by electron microscopy in the ER and Golgi (18) . Its target protease, RD21, is also targeted to the secretary system. It has been detected in vacuoles (25) and special protease storing bodies derived from the ER (58). The results here imply that AtSerpin1 and RD21 interact in either one or in both of these subcellular compartments.
AtSerpin1 has been shown to interact in vitro with the metacaspase AtMC9 to yield a stable complex; however, no in vivo interactions were reported (18) . AtMC9 is part of a unique clan of cysteine proteases and is of unknown function (59) . The preferred residue of AtMC9 for cleavage is at Arg-351 at the canonical P1 position of AtSerpin1. Proteolysis at this site would yield a serpin N-terminal residual fragment of 38 kDa, which is consistent with the size range of the processed serpin detected here. However, our data show that AtSerpin1 can interact in vivo to form an E-64-sensitive complex implicating the involvement of papain-like cysteine protease activity. Although AtSerpin1 was shown to interact in vitro with AtMC9, the latter is insensitive to E-64 (60) . We have observed SDS-stable AtSerpin1-trypsin complexes in vitro (data not shown). Indeed, some serpins show a high degree of promiscuity in their ability to form complexes with very divergent proteases (2). Although our results, substantiated by direct immunodetection and mutant analysis, implicated only AtSerpin1-RD21 interaction at the particular developmental stages examined, they do not rule out the potential participation of other protease targets, including AtMC9. Indeed, processing of the AtSerpin1 protein is detected in the RD21-ko line indicating that other target proteases with the ability to cleave AtSerpin1 may exist, but they do not form stable complexes.
Leaf tissue vacuolar processing cysteine-type enzymes (VPE) accumulate in bodies directly derived from the ER. These bodies represent ER and Golgi complexes that play a role in vacuolar transport under stress conditions (61) (62) (63) . VPE proteases are involved in the hypersensitive response to viral infection (64) , and VPE-null mutants showed reduced mycotoxin-induced vacuolar membrane damage (65) . However, VPE proteases, which were reported to be involved in the induction of cell death, are not inhibited by E-64 (65) . Based on this evidence, it is unlikely that AtMC9 or VPE-type proteases are the source of the in vivo complex detected here; however, a plethora of other cysteine proteases exists as candidate AtSerpin1 targets. Cysteine proteases have been shown to be associated with general stress effects (20, 22, 23) . Importantly, AtSerpin1 is an example of the "LR serpins," which have P2-P1Ј Leu-ArgXaa (where Xaa is a small residue) in the reactive center. Thus, the highly conserved serpin reactive center Leu-Arg-Xaa present in many diverse plant species, along with conserved features of RD21, suggest that the function of AtSerpin1 and its cognate proteases may be conserved across the plant kingdom (9) . In this respect, it is of interest that RD21 homologues are prevalent in many plant species. In maize, an RD21 homologue (cysteine protease of protease-inhibitor complex) is found in seeds as a complex with the small cysteine protease inhibitor, cystatin (66) , whereas the rice RD21 homologue appears to be induced in leaves during UV radiation and fungal infection (67) .
RD21 is synthesized as a preproprotein that is proteolytically processed to a mature active form. In Arabidopsis, RD21 accumulates as a stress-inducible protease in protease-storing bodies of epidermal cells (58) . The two main forms that accumulate are the mature mRD21, which contains the core mature protease, and the immature iRD21 form, which contains a granulinlike C-terminal extension. In this case, the acidic environment of the vacuole is thought to play a role in maturation (25) . Intriguingly, the highly conserved granulin domain in animals acts as a mitogen for epithelial and fibroblastic cells (68) and promotes cell division (69) . Although accessory proteases are thought to play a role in RD21 processing, vacuolar processing enzyme-␥ (VPE␥) is not involved (70) . It is intriguing to consider what role, if any, the association of RD21 with AtSerpin1 may have in this processing.
Although our results demonstrate the presence of an endogenous plant protease target, it remains possible that AtSerpin1 also plays a role in direct inhibition of microbial or insect proteases as suggested for the highly abundant serpins in seeds (71) . Interestingly, in developing seeds, an ER resident protein, PDI5 (protein-disulfide isomerase 5), was detected by yeast two-hybrid screens and by in vitro inhibition of protease activity to interact with RD21 (62) . The authors suggested that PDI5 plays a role in modifying protease trafficking and activity before programmed cell death of seed endothelium cells. Why RD21 has been targeted for control at multiple developmental nexus, i.e. seeds and leaves, is not known, but in addition to containing a unique granulin domain, RD21 exhibits a peculiar enzymatic trait, it accepts peptides and ligates them to the N termini of acceptor proteins (53) . Thus, it is possible that AtSerpin1 functions to curb this activity.
The discovery that AtSerpin1 is the in vivo serpin inhibitor of RD21 will provide a new and powerful tool for investigating the regulation of programmed cell death-dependent processes. Our results present a conceptual and experimental framework for analysis of serpins and their protease targets in plants. Further work will clarify the functionally conserved and unique aspects of serpin-dependent regulation of signaling protease cascades in plant biology.
